Resonance effects in the thickness-dependent ultrafast carrier and phonon dynamics of topological insulator Bi 2 Se 3 are found irrespective of the kind of substrate by measuring thickness-dependent abrupt changes of pump-probe differential-reflectivity signals (ΔR/R) from Bi 2 Se 3 thin films on four different substrates of poly-and single-crystalline (sc-) ZnO, sc-GaN and SiO 2 . The absolute peak intensity of the ΔR/R is maximized at ∼t C (6 ∼ 9 quintuple layers), which is not directly related to but is very close to the critical thickness below which the energy gap opens. The intensities of the two phonon modes deduced from the oscillatory behaviors superimposed on the ΔR/R profiles are also peaked at ∼t C for the four kinds of substrates, consistent with the thickness-dependent Raman-scattering behaviors. These resonant effects and others are discussed based on possible physical mechanisms including the effects of threedimensional carrier depletion and intersurface coupling.
Introduction
Recently, topological insulators (TIs) have received much attention due to their unique properties, including surface transport of spin-filtered Dirac fermions that are immune to localization, promising for the use of TIs as an ideal platform for novel applications in future spintronic and quantum computational devices as well as for basic science studies of quantum spin Hall (QSH) systems [1] [2] [3] . Three-dimensional (3D) TIs exhibit topologically protected Dirac surface states [4, 5] , but in the two-dimensional (2D) limit of 3D TIs, the coupling between the opposite surface states leads to the opening of a finite energy gap [6] [7] [8] [9] . The 2D energy gap is expected to oscillate between the ordinary insulator gap and the QSH gap as a function of thickness [8] . The gapped surface states also show considerable Rashba-type spin-orbit splitting due to the substrate-induced band bending between the two opposite surfaces [6] .
The energy gap opening has been clearly seen when the thickness is below six quintuple layers (QL), as demonstrated by angle-resolved photoemission spectroscopy on Bi 2 Se 3 films of various thicknesses grown by molecular beam epitaxy (MBE) [6] . The metallic surface transport abruptly diminishes below the critical thickness due to the energy gap opening in the surface state. The Sb (111) nanofilms have been theoretically expected to undergo a series of transitions, from a topological semimetal to a TI, then to a QSH phase, and finally, to a normal (topological trivial) semiconductor, depending on the thickness [10] . On the other hand, the transport channels independent of thickness over two orders of the thickness range have been found in Bi 2 Se 3 thin films [11] . Since the Fermi level of Bi 2 Se 3 films is located in the conduction band due to the n-type doping effect [6, 12] , it is expected that the effect of the gap opening on their transport properties is limited. However, this could be different in the optical properties of Bi 2 Se 3 films, as shown in the previous reports [13] [14] [15] , and further systematic studies are therefore needed to clarify the variations in the optical properties of Bi 2 Se 3 films near the critical thickness, useful for the optoelectronic applications of Bi 2 Se 3 films.
Ultrafast pump-probe techniques have been previously used to study phonon dynamics in TIs [16] . Generally, coherent phonons are generated by the excitation with an ultrafast pump pulse, which changes equilibrium coordinates of the lattice and initiates coherent lattice vibrations by the mechanism for displacive excitation of coherent phonons [17] . These phonons can induce differential-reflectivity signals that show oscillatory behaviors as a function of the time delay between the probe and the pump pulses [16, 17] . In this paper, we report optical evidence of the resonance effects in the thickness-dependent ultrafast carrier and phonon dynamics of Bi 2 Se 3 by measuring thickness-dependent abrupt changes of pump-probe differential-reflectivity signals from Bi 2 Se 3 thin films.
Experiment
High-quality Bi 2 Se 3 films were grown on four kinds of substrates of poly-and single-crystalline (pc-and sc-) ZnO, scGaN and SiO 2 in a custom-designed MBE system (SVTA MOS-V-2) [18] ; the base pressure of the system was lower than 5×10 −10 Torr. Bi and Se molecular beams were provided from Knudsen cells and the thickness of the thin films was measured using a quartz crystal microbalance (Inficon BDS-250, XTC/3). Bi 2 Se 3 films in the range of thickness (t) from 3 to 30 QL were grown using the two-temperature growth process [18] . After deposition of 3-QL Bi 2 Se 3 films at 110°C, a sharp streaky pattern was observed, indicating single-crystal Bi 2 Se 3 structure. The films were then slowly heated to a temperature of 220°C, which helped additional crystallization of the films as seen by the brightening of the specular spot. The film quality was further improved by annealing the sample at 220°C for an hour after the growth. The growth process was described in detail elsewhere [11] .
Dielectric functions and thicknesses of the Bi 2 Se 3 thin films were measured by spectroscopic ellipsometry (SE) (VASE model, J A Woollam Inc.) in the spectral range between 0.7 and 6.2 eV. The topographic image and height profile of Bi 2 Se 3 films were obtained in a non-contact mode of atomic force microscopy (AFM) (Park system, model XE-100). The atomic bond structure of Bi 2 Se 3 films was characterized using x-ray diffraction (XRD) in a MAC Science diffractometer (18 kW) with a Cu Ka line (0.154 19 nm). Raman spectroscopy with an excitation wavelength of 514.5 nm was used to characterize the optical properties of Bi 2 Se 3 films.
Transient changes in reflectivity were measured based on the pump-probe technique by employing ultrashort pulses with a duration of 40 fs and a repetition rate of 88 MHz, generated at around 800 nm from a Ti:sapphire oscillator. Pump pulses excited carriers, thereby modulating optical constants of the sample. The decay processes of the excited carriers or vibrations to the original conditions without the pump excitation were monitored by measuring the reflectivity of the probe beam while the time delay was swept between the pump pulses and the probe pulses. Pump pulse intensity was about 30 J cm −2 and the probe pulse intensity was much lower.
Results and discussion
Extinction coefficient (k) was measured for the Bi 2 Se 3 films on pc-and sc-ZnO substrates by SE. From the t-dependent spectral k values, the thickness of Bi 2 Se 3 thin films was estimated to almost linearly increase with increasingt for both samples (see the supplementary data, figure S1 ). In other words, the SE-estimated thicknesses are well matched with thet values. The optical gap energy E opt of the Bi 2 Se 3 films was determined using a linear extrapolation method based on the plot of
is the absorption coefficient, λ is the wavelength and E is the photon energy. The E opt of Bi 2 Se 3 films on pc-ZnO as well as sc-ZnO decreases with increasingt (see the supplementary data, figure S1 ). The E opt was about 0.36 eV att =3 QL and was sharply reduced to 0.15 eV att =5 QL, and by further increase oft to 30 QL, it gradually decreased down to 0.1 eV. These behaviors are very similar to those previously published [19] . The AFM images of the Bi 2 Se 3 films on pc-ZnO showed that the roughness of the Bi 2 Se 3 surfaces was almost independent of t, which was also confirmed by the AFM height profiles (see the supplementary data, figure S2 ). The values were found to be a=0.4141 nm and c=2.862 nm, in close agreement with the values of bulk Bi 2 Se 3 (a=0.4138 and c=2.8623 nm), and also with those of the previous reports [21, 22] and the JCPDS data. The peaks observed in the XRD spectra correspond to the c-axisoriented Bi 2 Se 3 phase and provide the quintuple-layer spacing of ∼9.6 Å, consistent with that of bulk samples [23] . A and E g 2 modes develop pronounced blue shifts ast increases up to t C (6∼9 QL), but above t C , the shifts become almost saturated, the trend of which is consistent with the previous report [25] , whilst the A mode to thickness has been interpreted by a phonon softening because the interlayer van der Waals forces decrease the effective restoring force acting on the atoms with decreasing t [25] . These Raman behaviors of Bi 2 Se 3 films are similarly observed even on pc-ZnO substrates (see the supplementary data, figure S4) .
The relative intensity of the symmetry modes also evolves as a function of t, as shown in figures 3(a) and (c). This evolution reflects how the thickness influences the relative oscillator strength of in-phase versus out-of-phase vibrations between the out-of-plane modes and between the out-of-plane and in-plane modes. The ratio of the Raman intensities for the out-of-plane modes I I ( ) very similar to the previous reports [24, 25] . It is not clear at the moment why the oscillator strengths of the different modes (in-phase versus out-of-phase) exhibit a different dependence on thickness, but it is reasonable to assume that the out-of-plane vibrations will be less restrained in smaller-QL films, which may lead to larger amplitudes of vibrations, consistent with the variation of the ratio I I
( ) .
Another t-dependent Raman behavior is considerable broadening of the vibrational modes. The FWHMs of the g 
Figures 4(a), (b), (d)
and (e) show thickness-dependent transient reflectivity changes (ΔR/R) of Bi 2 Se 3 films on the four substrates, measured at room temperature. The ΔR/R of Bi 2 Se 3 on pc-ZnO and SiO 2 substrates undergoes a sharp decay within ∼0.4 ps, and then continues to rise. As shown in figures 4(c) and (f), the absolute peak intensity (I P ) of the ΔR/R greatly increases with increasingt of Bi 2 Se 3 up ∼t C , but by further increase oft above t C , it decreases. The ΔR/R of Bi 2 Se 3 on sc-ZnO and GaN substrates also shows similar behaviors above ∼t C , but below ∼t C it shows a short-time increase accompanied by a long-time gradual decrease, resulting in positive I P . The absolute I P is maximized at ∼t C , and its t-dependent variations are similar to those of Bi 2 Se 3 on pc-ZnO and SiO 2 substrates, as shown in figures 3(c) and (f).
Figures 3(c) and (f) also show how fast the absolute ΔR/R signal decays after reaching the I P . The decay times (τ d ) of the samples except on SiO 2 substrate increase with increasingt up to ∼t C , but above ∼t C they almost saturate.
Apparent oscillatory behaviors are superimposed on the ΔR/R profiles within the initial ∼10 ps with characteristic frequencies, as evidenced in the small periodic 'wiggles' of the curves, as shown in figures 4(a), (b), (d) and (e). The oscillatory reflectivity change is caused by the macroscopic modulation of the dielectric constant due to the collective motion of atoms and carriers. The decay of the background component dominantly reflects the relaxation of photo-excited carriers due to the electron-electron/electron-phonon scattering inside the conduction band [26] and the subsequent recombination of ( ) as functions of thickness for Bi 2 Se 3 films/sc-and pc-ZnO, respectively. A respectively, as previously reported [27] . The ν values are found to be almost independent of t and the kind of substrate within our experimental error. In band-gap materials like Bi 2 Se 3 , there are two types of linear-response contributions to the ΔR/R caused by the changes in the dielectric function: one from the presence of free-carriers and the other from the interband transitions. These two effects produce an initially negative contribution to the ΔR/R [28] . If Bi 2 Se 3 films become thinned down to ∼t C (6 ∼ 9 QL in this work) the absorption is enhanced [13] , in other words, the reflectivity is reduced, which makes ΔR/R more negative, as shown in figure 4 . Below t C , ΔR/R become less negative, which can be explained by the so-called 3D-carrier depletion effect [14, 15] . By direct-or indirect-surface coupling below 6 or 10 QL, respectively, the TI films transform into a poor conductor due to the depletion of 3D electrons, resulting in a reduction of conductivity that was observed in transport studies [29] [30] [31] . The indirect-surface coupling can occur by real doping or defect-induced charging [14, 32] . The depletion effect causes a reduction in the ΔR/R signal, consistent with the resonance effect in the thicknessdependent behaviors of ΔR/R found in Bi 2 Se 3 films on pcZnO and SiO 2 substrates, as shown in figures 4(a) and (d). It is expected that the ΔR/R of thinner Bi 2 Se 3 films is more influenced by the substrate and therefore, in the case of scZnO and sc-GaN substrates, their better reflectivity produces an initially positive contribution to the ΔR/R att < t C , as shown in figures 4(b) and (e). A respectively. Coherent lattice vibration caused by phonons instantaneously generated at the surface can modulate the bond length, and induce oscillatory differential-reflectivity signals. Similar oscillations observed in many systems by the pump/probe technique have been shown to have a frequency solely determined by the modes of the phonons excited [33] [34] [35] [36] . The ν values of 2.1 and 5.2 THz are almost independent of the probe delay and pump energy, but the FFT power densities (or the amplitudes) strongly depend on the thickness of Bi 2 Se 3 , irrespective of substrate, as shown in figures 5(c)-(f) . In the previous report [14] , the increase of the phonon amplitudes with decreasingt down to 8 ∼ 9 QL (∼t C ) was explained well by the electric field associated with the excitations of surface plasmons in the intersurface-coupled Bi 2 Se 3 films. By further decrease oft below 8 ∼ 9 QL, the phonon modes are stabilized [14] or weakened [12] possibly due to the 3D-carrier depletion effect. This thickness-dependent resonance effect is more clarified in this work, as shown in figure 5 . The decay time, known to be relevant to the lifetime of optical phonon [16] , can also be an indicator evidencing the resonance effect at t C because the decay time sharply changes at ∼t C , as shown in figures 4(c) and (f), also consistent with the t-dependent variations in the FWHM (inverse of decay time) of the g 1
1
A mode in figures 3(b) and (d). Such resonance-like effects were also expected in the transport properties of topological insulator thin films theoretically and were shown to be strongly correlated with electron-phonon coupling [37] .
Conclusion
High-quality Bi 2 Se 3 films were grown on four kinds of substrates: pc-and sc-ZnO, sc-GaN and SiO 2 by MBE, and the ultrafast decays of the ΔR/R signals were detected for various thicknesses from 3 to 30 QL based on the pump-probe method. The thickness-dependent intensities of the absolute ΔR/R peak and the phonon modes (2.1 and 5.2 THz) showed resonant behaviors at ∼t C , irrespective of the kind of substrate. In particular, the thickness dependences of the phonon mode intensities for sc-ZnO and GaN substrates were consistent with those obtained by Raman-scattering data. These resonance behaviors were not relevant to the energy gap opening despite the similarity between t C and the critical thickness below which the energy gap opens, but were explained well by the effects of 3D-carrier depletion and intersurface coupling.
